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RESEZRCHMENORANDUM 

GRAPHICANAIXSIS OFAMEXICARARDBRITISHAXIAL-FLOWTURBOJET 

ENGINE PERFORWiNCE TRENDS ((2URENT m-1 

By Richard S. Cesaro and James Lazar 

This report presents a compilation of static sea-level data on 
existing or designed American and British axi&l-flow turbojet engines in 
terms of basic enginepazameters suchasthrustandairflow. Inthe 
data presented, changes in the over-U engine performance with time sre 
examinedaswellas therelationoftheverious enginepsxameters to 
each other. The following conclusiorm axe ~llgde: r 

. 
(1) 

. 

(2) 

Thrust: Static sea-level thrust is being increased 
at the rate of 4ooO pounds per year. The afterburner 
has increased static aea-level thrust between 45 to 55 per- 
cent. A considerable number of engines exist in the 
Sam? thrust class at my one time. 

Airflow: The air-flow handling ability of the conven- 
tional axial-flow compressor, while steadily *roving, 
is approaching a point of diminishing returns, To pro- 
gress to higher air-flow handling rates, application of 
the trausonic principle to compressor &sign is indicated. 

(3) 

(4) 

(5) 

Pressure ratio: A general trend of increasing pressure 
ratio with time is indicated. 

Specific fuel conswqtion: A general trend of decreasing 
specific fuel consum&ion at sea-level static conditions 
is indicated, largely as a result of the trend toward 
increasing coqressor pressure ratio. 

Weight and diameter: A general trend of decreased 
engine weight with time is indicated. Engine diameters 
remin essentially constant (between 40 to 45 in.) in 
the time period of 1950-1955. Beyond 1955, engine 
diemeter is expected to increase (because the air-flow 
handling ability of the compressor is approach- a 
limit) to a value of approximately 60 inches by 1961 in 
order to keep w with the thrust-increase trend, 
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INTRODUCTIOR 

The development of the gas-turbine engine since its introduction by 
Commodore Whittle a little more than 10 years ago has progressed at a 
tremendous rate in c~ieon with other aircraft power plants. In this 
relatively short period of growth, an ever increasing amount of engine 
performance data has been accumulated. These data have not previously 
been compiled in convenient form for analysis and study from the stand- 
point of viewing possible performance trends and over-all engine 
development. 

This report presents a compilation of data on existing or designed 
American and British axial-flow turbojet engines in terms of basic 
engine parameters such as thrust per unit of engine frontal area, air 
flow per unit of engine frontal area, and specific fuel consumption. 
The data, as presented, provide information that will assist in engine 
analyses, reveal certain operational requirements for research test 
facilities, and reveal areas in the engine development program requiring 
further emphasis. In the data presented, changes in the over-all engine 
perf'ormance with time are exsmLned, as well as the relation of the 
various engine parameters to each other. 

In the figures presented, current and future engines are included. 
For cwrent engines, the most recent operational data available aze 
used. For future engines, the data are based on the performance speci- 
fications of the manufacturer. Since these specifications are changed 
during the production and design of the engines, discrepancies may exist 
between the data presented herein and other tabulations of this informa- 
tion. These differences will not be sufficient to affect the general 
trends presented. A "paper" engine, which represents axial-flow turbo- 
jet performance discussed by the Military Services for 1961, ie Included. 
The time period covered In this report is from 1948 to 1961. Of thiB 

period, data on British engines are not available after 1952. 

The data presented herein have been compiled with the mogeration 
and assistance of the Research and Development Board, the United States 
Air Force, and the Bureau of Aeronautice, Department of the Navy. Data 
presented are current as of May 1, 1951. 

PRESEKPATIO~ OF DATA 

In Wder t0 illustrate perfOz9UkUICe trends, figures are presented 
indicating variations with time and with one another of thrust, air flow, 
fuel consumption, thrust per unit of engine frontal area, air flow per 
unit, of engine frontal area, and other performance data for sea-level 
static conditions. By plotting these parameters against tim.%.%on 
completion of 1.50-hr qualification test) and against one another, 
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trends are indicated. In each case, the time used in plotting is the 
date the engine has passed the X50-hour test or the date the manufacturer 
estimates the engine will pass the 150-hour test. 

The engine performance for a 1961 "paper" engine, included in all 
principal figures, has been estimated by the Panel on Aircraft Propul- 
sive Systems, Commfttee on Aerodynamics, Resesrch and Development Roard. 
The data cover engines in the following stages: 

1. Design study engines; data potits indicated by a circle (0) 

P 

2. Development engines; data pofnts indicated by a square (E) 

3. Production enginesi data points indicated by a diamond (0) 

For design study engines, data are based on ~~Pacturers~ estimated 
engine performance. For development and production engines, data are 
based on results achieved in engine test-stand operation. Engines with 
afterburners sre indicated by 'pips" on the syt&ols (d, d, and 6 ). 
The information on a few of the design study engines is incomplete as 
far as detailed perf ormance dataare concerned, since the designhas not 
progressed to a point where the omitted information is available; accord- 
ingly, not all of the engines sre plotted in all figures presented. 
Theoretical performanc e cmves determined from engine cycle analysis are 
plotted on scope of the principal plots. Component efffcfencies a, Tc, 
and qt used in the cycle analysis, together with other parameters and 
symbols used throughout this report, are defined and evaluated in the 
8pp?ndiX. American engines are Jdentified by open points. Rrftish 
engines sze fdentified by solid points. 

It has been found, for the bulk of engines considered in this 
report, that the performance data given for an engine in the design stage 
do not appreciably change in going through the development and production 
stages. There is a time spacing of approximately & years between the 
design and the beginning of production of any given2engine. Duringthis l 

time period, basic components of the engine can and do change in order 
that its final performance may be in general agreement with the original 
design estimate. Moreover, slight changes in engine performance and time 
of engine completion will not appreciably change the trends of the 
curve6. T!hLs fact is brought out in the several figures presented in the 
report where the trend of the curve is maintained when engine data from 
the three stages are plotted. This result also permits the plotting of 
basic engine parameters with time and against one another, providing an 
insight of engine performance in the future. 

T!heperformanc e data contained herein do not include several 
important design details and operating limits associated with the 
individual engines. For example, design of engines for supersonic 
flight at sea level requires strengthenin@; of engine structure over that 
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required for subsonic flight. On a weight basis, then, the supersonic 
engine shows urp at a disadvantage when compared to the subsonic engine. 
Further, results presented are for sea-level static conditions and, as 
such, may not truly reflect the over-all utility or value of specific 
engines. Accordingly, although engine data trends c&p be compared, the 
reader is cautioned against making specific engine c~isons indicating 
one engine to be sqterior to another, particularly when the differences 
inengine performsme aremarginal. 

. 

RESULTS AMD DISCUSSION 

The variation of static sea-level thrust as a function of time is 
shown in figure 1. An approximate linear relationship is indicated, with 
sea-level static thrust being increased at the rate of approximately 
4000 pounds per year. It is indicated that at any one time period VQ to 
approximately 1953, a considerable nuuiber of engines exist tithe same 
approxirmate thnat class. 

For present-day engines, the use of an afterburner increases static 
sea-level thrust approximately 45 to 50 percent as shown in figure 2. 
More than half of the American engines included in this report are 
equipped with afterburners. MO information is available on afterburners 
for British engines. In addition to increasing static sea-level thrust, 
the afterburner at supersonic speeds affords 200 to 300 percent thrust 
increase Over the nonaugmented-thrust engine. For the time period of 
afterburner operation, this, in effect, reduces engine weight by approx- 
imately 60 percent over what would be required to achieve the same 
thrust without the use of ths afterburner. There is a similar reduction 
in engine frontal area for the same comparison. The afterburner's dis- 
advantages, when not in use, are, largely, increase in basic engine 
weight, increase in engine frontal area, 2 to 3 percent loss in static 
sea-level thrust, and 2 to 3 percent increase in specific fuel consump- 
tion. The thrust loss and increase in fuel consumption are attributed, 
largely, to flow losses through the afterburner. When in operation, 
the only significant disadvantage of the afterburner is the large in- 
crease in fuel consumption. 

The thrust increases indicated in figure 1 me principally a result 
of a linear increase in air flow with time, as shown in figure 30 The air 
flow is increased each year approximately 75 pounds per second as indi- 
cated in figure 3. 

With the combined information presented in figures 1, 2, and 3, 
research test-facility requiremanta for axial-flow turbojet engines, in 
terms of static sea-level thrust and air flow at any time within the 
time period covered (1948-1961), can be approximated. 

* 

. 
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It is of interest now to examfne the factors related to the air- 
flow increases indicated for the turbojet engfnes presented. An increase 
in static sea-level engine air flow is due to an increase in air flow per 
unit of engine frontal area (increase in air flow per unit of compressor 
frontal area), or an increase in engine frontal area (tiemeter), or a 
combination of both. The theoretical relationship between air-handlfng 
capacity of the conq?ressor, effective compressor-inlet Mach number, end 
compressor hub-tip ratio is shown in figure 4. The srea in this case is 
the flow area at the compressor inlet. The bulk of the engines con- 
sidered have compressor hub-tip ratfos in the range from 0.5 to 0.6 with 
a few advanced engines as low as 0.45. With effective compressor-Met 
Mach n&er in the range from 0.4 to 0.6> air flow handling capacities 
of the order of 20 to 35 pounds per second per square foot of compressor 
frontal area are obtained, the higher value being indicated for advanced 
engines. 

In order to promess to values of maas flow beyond approximately 
35 pounds per second per square foot of compressor frontal area to take 
advantage of the theoretical p&ential increases available (of the order 
of 40 percent as indicated in fig. 4) in mass-flow handling capacity, a 
transition from the conventional subsonic axial-flow compressor to a 
transonic type compressor is required. In any case, to attain values 
of hub-tip ratios of 0.3 and effective inlet Mach numbers of 0.7 requires 
application of the transonic principle. Further increases in effectin 
compressor-inlet Mach nuzpbers beyond 0.7 or decreases below hub-tip ratio 
of 0.3 will yield small gains in air flow per unit of compressor (engine) 
frontal area even after the practical problems are solved. (See fig. 4.) 
None of the American or British engines presented fn this report is 
equippedwithatransonic compressor. Ifairflowsof36to4Op&Lulds 
per second per square foot of compressor frontal area are realized ti 
the future, then air flows of 30 to 35 pounds per second per square foot 
of engine frontal area will be obtained after engine mressor-casfng 
thickness is taken into consideration. 

For the 1961 "paper" engine, the value of air flow per unit of 
engine frontal area will, of course, depend upon the state of develmnt 
of the compressor. The values mentioned above, if attadned by 1961, will 
result in an engine diameter of approximately 60 to 65 inches to obtetin 
the 55,000 pounds of thrust estimated for the 1961 engine. For the pur- 
poses of plotting the 1961 "paper'* engine in all principal performance 
charts, a value of air flow per unTt of engine frontal area of 35 pounds 
per second per square foot was chosen for this engine, resulting in an 
engine diameter of approximately 60 inches. 

t 

Y 

Plots of air flow per unit of engine frontal srea and engine diam- 
eter as functions of time ere presented in figures 5 and 6, respectively. 
From these curves, it appears that In the period of 1950 to 1955 the 
major portion of the increase in air flow will be due to the increase in 
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air flow per unit of engine frontal area; the diameter of most of the 
engines in this period till remain essentially constant. After this 
period, however, the rate of increase In air flow per unit of engine 
frontal area may be expected to diminish or reach a value beyond which 
further increases will be dkfficult and impractical, whereupon the major 
portion of increase in air flow will be accomplished by increasing 
engine diameter. 

The engine thrust per unit of engine frontal area F/A is plotted 
against time infigure 7. This curve is of the same form as the curve 
for air flow per unit of engine frontal area plotted against time in 
figure 5 and till also begin to show a lower rate of increase after 1955 
until a final value of F/A is attained. Theoretical values of F/A 
for various turbine-inlet gas tqeratures w to 40000 R have been 
plotted in this figure to indicate future increases available. Calcula- 
tions show that with a turbine-inlet gas teqerature of 20000 R and 
burning to 4OOOo R in the afterburner, F/A is within 30 percent of the 
maxImum possible value obtaIned when burning to Boo00 R before the 
turbine for static sea-level conditions. Making the same comparison for 
a Mach number of 1.8 at 50,000 feet, however, indicates no gain in 
or F/A in going to MOO0 R gas temperatures at the turbine Inlet. 

F/W 

Burning in the afterburner under any condition of operation is less 
efficient than is burning prior to the turbine. For the conditions Just 
mentioned, the specific fuel consumption is 1.7 pounds per pound thrust 
per hour without afterburning and with a 413OOo R gas temperature at the 
turbine inlet. With the afterburner operating at 40000 R and turbine- 
inlet gas temperature at 2000° R, the specific fuel consumption is 
2.2 pounds per pound thrust per hour, a 29 percent increase. 

A composite plot of figures 5 and 7 is presented in figure 8 where 
the thrust per unit of engine frontal area is plotted against the air 
flow per unit of engine frontal area. The slope of this curve (pomds 
of thrust per pound of air) alp to a turbine-inlet gas teqerature of 
2oooO R is approximately equal to 65.0 pounds of thrust per pound of ati. 
As this cwzve approaches the limiting value of air flow per tit of 
engine frontal srea, further important increases in thrust per pound of 
air (or F/A of fig. 8) will be accomplished by increases in turbine- 
Met gas telqperature. Increases in component efficiencies till not 
effect ~ortant increases in pounds of thrust per pound of air as can 
be determined from reference 1. This is hugely because coqonent 
efficiencies are presently at a fairly high operatFng level. Theoreti- 
cal values of maximum pounds of thrust per unit of engine frontal area 
are plotted in figure 8 for W/A equal to 35 pounds per second per 
aqume foot and for various inlet-gas tesQerature8 at opt- pressure 
ratios IQ to and including 4OOOO R. c 

The weight per pound of engine thrust We/F as a function of time 
is plotted in figure 9. The data show a general downward trend. At any 
one time there is an appreciable scatter of the engine data. Because the 

. 



t 

, 

afterburner adds to the engine weight, the engines are plotted without 
afterburner weight included (fig. 9(a)) and with afterburner weight 
included (fig. 9(b)). In addition to figure 9, other plots such as 
We/F wafnst FI F/We against specific fuel consumption, We/k 
against cmressor pressure ratio, Web against time, and We agafnst 
time were made. These plots indicated no significant trends. Close 
inspection of the factors sffecting eng2ne weight reveals certain points 
worthy of mention. In cmpsring the differences between the American 
SO-hour qualification test and the British counterpart, the most 
swificant difference is in the operating time at maximum power; the 
American engine is requiredto operatethreetimes longer (3li hr for 
the Americanas cmaredto14 & hr for the British) at maxfrmnn power 
than is required under the British acceptance test. Because operation 
at maximum power represents the most severe operating conditions of the 
test schedule due to the attendant elevated temperatures and high-stress 
conditions, the longer running time require6 added strength. The Brit- 
ish compressors are of aluminum construction rather than steel as is the 
case with herican compres6ors. Further, American engines are equipped, 
as required by military specifications, with dual engine controls and 
other duplications of vital accessories, all added, of course, at the 
eqense of engine weight. 

It is of interest to note now the effect of engine development on 
specific fuel~cons~tion, engine compressor pressure ratio, and thrust 
per pound of air. The decrease in 6pecUY.c fuel consun@ion with time 
shown in figure 10 results mainly from the increase in pressure ratio 
with time, figure 11, that has accozqpanied engine development. Specific 
fuel consm@ion of the various engines as a function of compressor 
pressure ratio is presented in figure 12. The variation of thrust per 
pound of air with cogressor pressure ratio is shown in figure 13. 

The general trend of figure U indicating an increase in compressor 
pressure ratio with time does not necessarrily mean it is advantageous to 
increase the pressure ratio of the coqressor. In selecting compressor 
pressure ratio, the flight aperating conditions must be considered. 
The effects of ram pressure, for exam@e, resulting from flight 
speed and altitude operation, can lnaicate a need for lower compressor 
pressure ratios with increasing flight speeds. Effects of extended 
co&at loiter times or subsonic flight over prolonged periods can 
Indicate a need for higher pressure ratio cqressors. Evaluations of 
these effects have been covered in many analyses and sre beyond the scope 
of this report. It may be stated that high pressure ratios in a 
turbojet engine at increasing Mach number are not necessarily desirable 
and, in general, the higher the flight speed the lower the compressor 
pressure ratio for both optimum economy and maximum power. 
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This report has presented in terms of basic engine p6mmeters a 
compilation of static sea-level data on existing or designed American 
axial-flow turbojet engines and on existing British axial-flow turboJet 
engines. The data presented provide information that till assist in 
engine analyses, indicate certain operational requirements for research 
test facilities, and indicate areas in the engine development program 
requiring further emhasis. Tn the data presented, changes in the over- 
all engine performance with time sze examined, as well as the relation 
of the various engine parameters to each other. The following general 
conclusions can be mads: 

(1) 

(2) 

(3) 

(4) 

(5) 

Thrust : A linear relationship with time is indicated, with 
thrust being increased at the rate of approximately 4000 pounds 
per year. The afterburner has increased static sea-level 
thrust of the order of 45 to 50 percent. No inforraation is 
available on afterburners for British engines. There is a 
considerable nu&er of engines inthe same thrust class at any 
one time. 1 

Air flow: The air-flow handling ability of the conventional 
axial-flow compressor, while steadily -roving, is approaching 
a point of -ahzIng returns. To progress to higher air flow 
handling rates, application of the transonic principle to com- 
pressor design is indicated. 

, 

Pressure ratio: A general trend of increasing pressure ratio 
with time is indicated. Thistrenddoes notnecess6rilymean 
that it is of over-all advantage to increase pressure ratio 
of the cmressor. 

Specific fuel consumption: The general trend of decreasing 
static sea-level specific fuel consumption is largely a result 
of the trend toward increasing compressor pressure ratio. 

Weight and d&meter: Engine specific weight is indicated to 
decrease with time. Other plots of weight parameters such as 
pound thrust per pound engine weight against thrust and 
specific fuel consumptiona, pound engine weight per pound 
thrust against compressor pressure ratio and time, and engine 
weight against time indicated no significant trend. Engine 
diameters are expected to remain essentially constant (between 
40 to 45 in.) in the time period of 1950 to 1955. Beyond 1955, 
engine diameters are expected to increase to a value of approx- , 

imately 60 inches in 1961 to keep up with the thrust-increase 
trend. 
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A 

A, 
D 

f2 
2 DM 

% 

F 

wa 

8 We 

- 'lb 

% 

M 

8FC 

9 

engine frontal area, based on maximum engine dieter, sq ft 

compressor frontal area, sq ft 

maximm~ engine diameter, in. 

compressor hub diameter, in. 

compressor tip diameter, in. 

engine thrust at sea-level static conditions; military rated value 
used unless otherwise specified, lb 

engine air flow rate, lb/set; value used at military rated thrust 
conditions unless otherwise specified 

engine dry weight, lb. (In engine with afterburners, a total 
weight value fs used whfch includes the afterburner weight) 

combustion efficiency equal to ideal fuel-air ratio required to 
obtain temperature rise in combustion chamber divided by actual 
fuel-air ratio; value used = 96 percent 

compressor adiabatic efficiency, that is, ideal power required in 
adiabatically ccmrpressing afr from cmressor-inlet total tempera- 
ture and pressure to compressor-outlet total pressure divided by 
compressor shaft power; value used = 85 percent 

turbine total efficiency, that LB, turbine-shaft power divided by 
ideal power of gas jet expanding adiabatically from turbine-inlet. 
total pressure and. t,emDerature to turbine-outlet static pressure 
less kinetic power corresponding to average axial velocity of gas 
at tmbine outlet; value used = 90 percent 

Mach number 

specific fuel conszrmption Wf/p, (lb fuel/hr)/lb thrust 

1. Pinkel, Benjamin, and Karp, tiving M.: A!lSermodynamic Studyofthe 
Turbojet Engine. NACA TR 891. 
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Figure 1. - Vetion of engine thrufat with time. 
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Figure 2. -Increase instatia sea-1evelthmstwithaFterburner operation. 
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Flmre 7. - Variation of engine thrust per unit engine frontal area with time. 
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Figure 9. - Variation of apeaific weight with time. 
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Figure 12. - Variation of epeclfic fuel consumption with compressor p.ressure ratio. 



Design 6tnd.y engine 

Development engine 

Prcductlon engine 

Afterburner engines 

(afterburners Jlot 

56 - A I 
d & 

I 

48’ I 
3 5 7 9 11 I.3 15 17 

Compressor presflure ratio 

Flgllre 13. - Vafiation of thrust per air fl.m with ampres6or‘pree8ure ratio. 

. , 
. I 

l3LfZ 



c 


